Mapping of realtime morphological changes in the neuronal cytoskeleton with label-free wide-field secondharmonic imaging: a case study of nocodazole,"
Introduction
Microtubules are highly dynamic polymers 1 that constitute a major component of the cytoskeletal network of neuronal cells. They are versatile structures capable of polymerizing and depolymerizing 2, 3 and play an essential role in morphogenesis and are part of numerous cytoplasmic structures. 4 Microtubules are spatially noncentrosymmetric hollow cylinders that are composed of α∕β-tubulin dimmers. 5, 6 In microtubules, the α∕βtubulin dimer composition induces a dipole along the axial direction of the axonal microtubules' bundles. In axons of morphologically polarized neurons, microtubules are uniformly oriented in tightly packed bundles. 7 In contrast, a less uniform directional distribution is present in dendrites. 8, 9 To understand the complexity, growth, maintenance, and remodeling of the microtubule bundles and thus the cytoskeleton, knowledge of the regulation of microtubule dynamics is important. Commercially available drugs exist to investigate and study microtubule dynamics. In this respect, nocodazole is a valuable tool. 10 Nocodazole is a microtubule-specific drug 11 that causes microtubule depolymerization by binding to free tubulin dimers and preventing them from incorporating into microtubules. 12 Used at appropriately high concentration, nocodazole interrupts the microtubule polymerization behavior in a reversible way: [13] [14] [15] after washout, microtubule polymerization occurs without affecting their initial orientation. Nocodazole is often used to probe instability and to uncover microtubule regulation mechanisms in combination with immunofluorescent methods. 13 Tracking the dynamics of microtubules in vitro was first achieved in 1986 with dark-field differential interference contrast microscopy. 16 In addition, techniques involving immunoelectron microscopy and fluorophore-tagged proteins have been used to visualize intrinsic and induced microtubule dynamics. [17] [18] [19] [20] [21] More recently, optogenetic modifications or cloned proteins expression in mice 22 and differential interference contrast imaging methods 23 have been used for the investigation of the cytoskeleton dynamics.
The necessity to tag microtubules with a label has disadvantages: the difficulty to attach the label specifically and permanently to microtubules, the photo instability induced by the use of a fluorophore, and the harsh interaction of the fluorophore on the chemical reaction of interest. 24, 25 In addition, genetic manipulation or differential microscopy has disadvantages from a clinical perspective or lack in component specificity.
An alternative for microtubule imaging has been recognized and demonstrated in the form of second-harmonic (SH) microscopy. [26] [27] [28] In a SH process, two near-infrared photons with frequency ω and field strength EðωÞ j;k (with polarization states j or k) combine into one photon that has the double frequency 2ω. The optical contrast of a SH microscope is determined by the spatial organization of molecules: a centrosymmetric or isotropic arrangement of molecules does not give rise to any coherent SH emission, while a polar arrangement of molecules does emit SH photons. 29 This symmetry selection rule generates a unique specificity to noncentrosymmetric structures. Since microtubules are polar, they generate SH light, whereas cytoskeletal structures, such as actin filaments, do not. 26 The SH emission also strongly depends on the way and the geometry in which microtubules are organized. The intensity in polarization state k ½Ið2ωÞ i measured in SH experiment is given by the absolute square of the second-order nonlinear polarization P ð2Þ i ð2ωÞ: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 6 8 3
Here, P ð2Þ i ð2ωÞ can be understood as a charge oscillation in the material that emits photons at the double frequency. The second-order susceptibility χ ð2Þ ijk ð2ωÞ is the material response and is given by the orientational average of the responses of the molecular building blocks that make up the material (microtubules); it is defined by the molecular hyperpolarizability tensor β ð2Þ abc ð2ωÞ, where a, b, and c are the molecular symmetry axes. For the following derivation, we assume that the microtubules are in plane and that due to the wide-field illumination configuration of our imaging technique, the paraxial approximation is valid. For these conditions, the second-order susceptibility is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 4 8 6 
which is the orientational average of the hyperpolarizability tensor elements whereby fðψ; θ; ϕÞ is the orientational distribution function, ψ, θ, and ϕ are the Euler angles, 30 and N represents the number of microtubules. Based on the cylindrical symmetry of the system, one assumes spatial isotropy around two angles ðψ; ϕÞ and directionally around only one orientational angle (θ). For a nonresonant optical process (involving only virtual energy states), there are only two nonzero 31-34 χ ð2Þ ijk ð2ωÞ tensor elements, namely χ ð2Þ yyy ð2ωÞ and χ ð2Þ yxx ð2ωÞ. Considering this analysis, one can measure the orientational angle of microtubules in a structure by measuring different polarization combinations. One way to obtain the tilt angle of a microtubule segment at a single pixel is to compute the ratio: [31] [32] [33] [34] E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 2 7 8
The X and Y axis are perpendicular to the optical axis Z, and the Z axis is parallel to the second harmonic k-vector. This analysis, thus, provides a way to determine the microtubule orientation on a pixel-by-pixel basis. It does not allow determining the directionality of microtubules. In Ref. 35 , such directionality information is given using a combination of SH and two-photon fluorescence from labels. Interferometric SH imaging provides such label-free information, as shown in Ref. 36 . This method has, however, not yet been applied to neuroimaging. Further, it can be seen from Eqs. (1)-(3) that the SH intensity depends quadratically on the number of microtubules if these are aligned along the same axis. This quadratic dependence is referred to as spatial coherence. This means that axons that have microtubules organized unidirectionally will emit a much stronger SH intensity than structures with a bidirectional orientation of microtubules, allowing for identification of the axon by means of the intensity. 37 Thus, in principle, SH imaging allows for identification of different morphological parts of the cytoskeleton, and SH polarimetry can be used to determine orientational distributions of noncentrosymmetric structures. As SH imaging requires no immunostaining, such information can be obtained label-free in living neurons in real time. Unfortunately, the relative inefficiency of the nonlinear SH generation process compared to linear fluorescence has prohibited the widespread use of scanning confocal SH imaging 38 to map neuronal microtubulebased cytoskeleton and dynamic processes in real time. 26, 39, 40 Here, we explore the use of femtosecond, wide-field, medium repetition rate SH imaging 41 for dynamic neuroimaging. The method combines an increase in throughput of 3 orders of magnitude of the SH imaging process 41, 42 with low photodamage. 43 We use the well-known effects of nocodazole on microtubules as an example of a system where spatiotemporal changes are expected. We determine the orientational distribution of microtubules and map the relative intensity of different morphological structures and perform in-vitro imaging of the effects of nocodazole on the axon of a corpus of neurons at different stages of maturity. We observe an overall depletion and recovery of the SH intensity upon nocodazole application and washout, consistent with the expected reversible nocodazolemicrotubules interactions. We then demonstrate spatiotemporal dynamic SH imaging during and after nocodazole application using image acquisition times of 250 ms. The images display a nonuniform degradation and structural recovery of the axonal microtubules. Assuming that the orientational distribution within the axon is unaffected by nocodazole, we convert the SH intensity changes into a change in the number of microtubules present in the structures and show the possibility of our imaging technique to image cytoskeletal structural changes label-free.
Materials and Methods

Cell Culture
Primary cultures of cortical neurons were prepared from E17 OF1 mice embryos of either sex. Briefly, embryos were decapitated and cortices were removed under a dissecting microscope and collected in a small Petri dish in phospate-buffered salineglucose (PBS-glucose). A single-cell suspension was obtained by gentle agitation with a fire-polished Pasteur pipette in Neurobasal Medium supplemented with B27 and GlutaMAX (Invitrogen, phenol red-free). Cells were plated at an average density of 15;000 cells∕cm 2 in supplemented Neurobasal Medium on polyornithine-coated glass coverslips (20-mm diameter). After 3 to 4 h, coverslips were transferred to dishes with supplemented Neurobasal Medium. Neurons were maintained at 37°C in a humidified atmosphere of 95% air/5% CO 2 and were used between 2 and 22 days in vitro (DIV).
Nocodazole Treatment
Nocodazole was purchased from Sigma Aldrich (Buchs, Switzerland). A stock solution diluted in dimethyl sulfoxide (DMSO) was prepared with a concentration of 5 mg∕ml and then diluted in tissue culture medium at a ratio of 1:500 for a final concentration of 10 μg∕ml. The tissue culture medium was prepared fresh prior to the experiment and contained the following concentrations (in millimolar) 140 NaCl, 3 KCl, 3 CaCl 2 · 2H 2 O, 2 MgCl 2 · 6H 2 O, 5 mM glucose, and 10 mM Hepes (solution denoted as HEPES solution in this work). All chemicals were purchased from Sigma Aldrich. Nocodazole containing medium and the drug-free tissue culture medium were warmed to 37°C before using it at room temperature. Recordings of SH movies started a few seconds after the drug-containing medium was injected in the neurons-containing chamber and were also performed at room temperature. After 2 to 10 min, the drug-containing solution was removed from the sample chamber by pipetting and replaced with a drug-free tissue culture medium. This tissue culture medium was replaced three times following the same procedure by pipetting and reinjection of medium to remove any nocodazole residue during the recovering period. The recording of the recovery experiment started after the third rinse and lasted for 10 to 20 min depending on the experiment.
Second-Harmonic Imaging System
The imaging system is sketched in Fig. 1 
SH Imaging Experiments
Coverslips with plated neurons were inserted in a Quick Change Imaging Chamber from Warner Instruments (Series 40 RC-41LP). As sketched in Fig. 1(b) , the bottom of the imaging chamber is formed by the glass coverslip with the plated neurons, on top of which a polycarbonate ring was gently placed. This imaging chamber contains a maximum of 3 mL of liquid and allows a rapid exchange of liquid, a short working distance, and an open bath. A constant flow of extracellular solution with 140 mM NaCl, 3 mM KCl, 3 mM CaCl 2 · 2H 2 O, 2 mM MgCl 2 · 6H 2 O, 5 mM glucose, and 10 mM Hepes was used at a flow rate of 1 mL∕mn associated with a suction speed of 1.2 mL∕mn to provide the neurons with fresh solution and a laminar flow in the chamber. Prior to each imaging experiments, all neurons were checked for viability according to the protocol described in the supplementary information. Figure 2(b) shows the SH image recorded with two orthogonal polarization combinations (color coded with green for YYY and red for XXX polarized beams). The inset in Fig. 2(c) shows the application of Eq. (3) on the obtained data in Fig. 2(b) . Neurite 1 is oriented mainly along the X direction (90 deg), and neurite 2 is mainly oriented along the Y direction, indicated by the arrows. Figure 2(c) shows the angular distribution for neurites 1 and 2 extracted from Eq. (3), using the arrows in Fig. 2(b) as reference (0 deg). Neurite 1 displays a narrow angular distribution of microtubule segments, while neurite 2 has a broad orientational distribution that is not directed along the growth direction. Both distributions can be fitted with Of all the microtubule-containing structures within the cell, the axon is the only one that presents a unidirectional organized array of microtubules, oriented along the growth direction and arranged in parallel ordered bundles. 37, [44] [45] [46] Based on the above analysis, we can thus conclude that the structure that has a high SH intensity in combination with a narrow orientational distribution that is directed parallel to the growth direction is the axon (neurite 1), while the other one is a dendrite (neurite 2).
Second-Harmonic Imaging of Microtubule Morphology in Single Neurons
Next, we measure the influence of nocodazole on the SH intensity. Figure 3(a) shows a composite image obtained with PC and SH modalities showing two morphologically polarized neurons at DIV7. At this stage of maturity, neurons have one long and thin process, the axon, and several shorter tapered processes. 47, 48 This neuronal morphology is observed in the PC image in Fig. 3(a) . The SH signal, in red in Fig. 3(a) , was obtained with the two incoming beams polarized along the vertical direction (YYY, indicated by the red double-headed arrow). It can be seen that one of the structures in Fig. 3(a) generates a brighter SH signal (indicated by the white arrow), while other structures, such as the cell bodies (indicated by the white arrowheads) emit a much fainter SH intensity. This difference in intensity already indicates that the brighter structure is likely the axon. For the axon, an excitation parallel to the microtubule molecular dipole axis leads to a strong SH emission, while excitation perpendicular to this axial direction should result in no SH contrast. Changing the polarization combination of the incoming and outgoing beams, we only observe an intense SH emission from the structure highlighted by the white arrow. Thus, the elongated structure in Fig. 3 (a) most likely corresponds to the axon. Nocodazole depolymerizes microtubules and should therefore affect the SH intensity, in accordance with previous studies 26 that showed that SH depletion and recovery follows the application of the depolymerizing drug nocodazole. To investigate the effects of nocodazole on the SH intensity, we applied a 10-μM nocodazole solution in the chamber for 9 min and subsequently washed it out. SH images were recorded continuously with 0.25 s per frame. The histograms in Fig. 3(b) show the 2.5-s-averaged SH intensity in counts coming from the neurons marked by the dashed masks in Fig. 3 (a) before and after the application of nocodazole and at the end of the recovery time. It can be seen that after 9 min of drug exposure, the SH intensity arising from the two cells decreases to ∼60% of its original value. After 20 min following the washout, the SH intensity has recovered back to ∼80% of its original value, in agreement with previous studies. 26, 37 As the wide-field SH imaging system can be employed to record 0.25-s integration time images, without damaging the cells, 43 in what follows we demonstrate two possible applications of SH imaging: to probe morphological drug-induced changes in neurons of different age and to dynamically image spatiotemporal changes in real time.
Mapping Changes in the Microtubule
Morphology as a Function of Maturity shows the decrease in signal after application of nocodazole where the first 10 s were taken as a reference (before nocodazole application). Figure 4(b) shows that newly polarized neurons (DIV7) show a strong response to nocodazole, with an SH depletion of 15% after 1 min and a decrease down to 25% of the original value after 9 min. Mature polarized neurons (DIV11) display a slow decrease over a long time, starting from 2.7% after 1 min with an SH intensity depletion of 8% of its original value after 9 min of exposure. For advanced mature neurons (DIV23), the SH signal is not changing detectably. This difference in nocodazole sensitivity with age is consistent with a dynamical microtubule cytoskeleton, where at the early stages more and shorter microtubules are present that have many sites to initiate depolymerization. As neurons mature, microtubules are more inclined to collect post-translational modifications, resulting in an increase of stability. 49, 50 Thus, the microtubules of the cytoskeleton of older neurons have a better resistance to nocodazole. Since wide-field SH imaging allows for time lapse imaging over long time intervals, one could potentially use this method to follow the same neuron over extended periods of time in future experiments.
In Vitro Second-Harmonic Imaging of Multisite Time-Resolved Microtubule Morphology Changes
In another application, we demonstrate the possibility of dynamic SH imaging to obtain spatiotemporal stability information about the axonal microtubule network. We image the microtubule network of a single axon from a newly polarized neuron [DIV7, the cell depicted in Figure 3 (a)] treated with nocodazole and after washout. We examine the SH intensity variations in the 0.25-s acquisition time SH images and process the intensity variations that occur along three different regions of the neuron in Fig. 3(a) and represented in the schematic of Fig. 5(a) : the proximal region closest to the cell body [region of interest (ROI) 1], a middle shaft part (ROI 2, >50 μm from the cell body), and a distal shaft part (ROI 3, >100 μm from the cell body). Figure 5(b) shows the decay of the averaged SH intensity as a function of time during nocodazole application for the three ROIs. Single exponential decays are used to fit the data. These fits show that during nocodazole exposure, an exponential depletion in the SH intensity is observed as a function of time, with different decay times for three ROIs along the axon: the averaged SH intensity from the proximal region decreases with a half-time of 2 min 30 s AE 35 s (R 2 ¼ 0.93), whereas the halftimes of the middle and distal axonal shafts are slower, 2 min 48 s AE 25 s (R 2 ¼ 0.98) and 3 min 47 s AE 76 s (R 2 ¼ 0.95), respectively. We observe that the half-time values of the SH intensity depletion during nocodazole treatment increase with respect to the distance from the cell body. These observations are in agreement with literature 51 although the optical contrast mechanism is dissimilar; the similarity in decay times during nocodazole exposure suggests that both methods report on the decrease in the density of axonal microtubules. In addition to analyzing the spatially averaged decay of the SH intensity in three distinct ROIs, we make a pixel-wise comparison and map the reduction and the recovery of SH intensity per pixel as a function of time for the whole neurons [Figs. 5(c)-5(d)] and look at the SH intensity variations in the axon. The directional polarity of microtubules in the axon is uniform, 7 ðP MT ¼ 1Þ, as is confirmed in Fig. 2(c) that showed the very narrow orientational distribution in neurite 1. This specific uniform polarity allows us to relate the SH intensity to the number of uniformly oriented microtubules 35 with I SHG ∝ ðN MT × P MT Þ 2 . Applying Eqs. (1)-(3) with the assumption that nocodazole does not alter the orientational distribution of the microtubules, we can relate the relative SH intensity to the relative change in the number of microtubules during and after nocodazole application: where I SH;0 denotes the initially measured SH intensity of the axon and N MT;0 denotes the corresponding initial number of microtubules at t ¼ 0 before adding nocodazole. Since Baas has shown in Ref. 52 that after nocodazole treatment the microtubule polarity is for 96% identical to the pretreated neuron, we think the above assumption is reasonable. With this approach, it is possible to map on a pixel-size scale the spatiotemporal fluctuations of SH intensity and the corresponding variation in the number of microtubules. Figure 5(c) ) during nocodazole exposure. Figure 5(d) shows the relative SH intensity increase and converted increase in the relative number of microtubules during recovery. It can be seen that 6 min after the nocodazole application, there are isolated sites ∼1 μm in size that have a 30% reduction in the number of axonal microtubules. These sites occur more frequently closer to the cell body. In the proximal part, there is also a 3-μm-size core with a similar microtubule density decrease. After 9 min, these discrete sites of damage connect and expand toward the distal part of the axonal shaft. During the recovery, the damaged cores are restored, whereby the distal part appears to heal the quickest.
Thus, the above data demonstrate the possibility of imaging spatiotemporal changes in vitro during and after the application of the microtubule-destabilizing drug nocodazole. Since the presented data set is very limited (N ¼ 7) , it is impossible to draw conclusions about the mechanistic effect of nocodazole. Future more extensive studies could map the degradation more clearly as well as conduct intermediate real-time polarimetric measurements to determine how and where the microtubule network undergoes structural changes. A combination with SH interferometry 36 could add information on microtubule directionality. Combined SH and fluorescence or electron microscopy studies are also potentially powerful tools to increase our knowledge of the complex microtubule network within neurons and other cells.
Conclusions
Wide-field, high-throughput SH microscopy was applied to study living mammalian neurons with the aim of demonstrating the possibility to extract the orientational distribution of microtubules as well as obtaining dynamic label-free spatiotemporal stability (referred as resistance to the drug nocodazole) information in vitro. We used nocodazole, a microtubule-destabilizing drug, as it is a well-known reversible microtubule-specific depolymerizing drug. We first introduced the principal physical relations needed to understand SH imaging. We performed SH polarimetry measurements to demonstrate how the pixel-wise orientational directionality of microtubules in neurites and cell bodies can be determined. When the microtubules are oriented along the principle axis of the neurite with a narrow orientational distribution (rather than having a broad orientational distribution that is not aligned with the principle axis of the neurite) and when the locally emitted SH intensity is significantly higher than in other parts, we can assign a structure as the axon. We also showed the possibility of extracting information about the stability of the cytoskeleton against nocodazole-induced depolymerization as a function of the neurons age in vitro with SH imaging. We then performed spatiotemporal SH imaging during and after the application of nocodazole and focused our observations on a single axon of a morphologically polarized cultured neuron. Assuming that nocodazole does not affect the orientational distribution of microtubules, direct statements can be made to relate the variations in the SH intensity with the changes in microtubules density.
These measurements show the possibility of real-time in vitro imaging of changes in the density of the axonal microtubules. In combination with other techniques, our quantitative understanding of microtubule cytoskeletal dynamics could be enhanced considerably, especially since the presented approach is noninvasive and can be performed in real-time and label-free. This work constitutes a state-of-the-art example of the imaging and quantitative possibilities our wide-field, label-free, SH technique offers. Future investigations could lead to further applications such as the investigation of neurodegenerative diseases or spatiotemporal dynamics studies of mitosis.
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